Introduction
Plastic lenses are widely used in a variety of optical products because of their easier moldability and lower cost compared to glass. For example, thermoplastic resins such as polymethylmethacrylate and polycarbonate are applied. But it is impossible to pass through reflow process, because of their low heat-resistance. Therefore, to set the camera module with thermoplastic resin lenses in the electronic devices such as mobile phones, first image sensor is mounted with reflow, after that the lens is set on the image sensor with positioning. This method is disadvantage in productivity and quality. Therefore plastic lenses having higher heat-resistance are desired.
Regarding the transparent resin having reflow heat resistance and moldability, silicone resin is known. Photo-curable or thermal-curable methyl silicone and phenyl silicone are used for the sealing resin of the LED, and their reflow soldering is possible. However, since the refractive index and Abbe number of these silicone resins are not controlled, they cannot be applied as camera lenses. High resolution camera module is designed by combining multi-lenses, to erase the color blur due to chromatic dispersion. Figure 1 shows a schematic view of a camera module that combines two lenses. The refractive index is different by the wavelength. Only one sheet of lens gives different focus depending on the wavelength, resulting in bleeding color. When appropriate another lens is combined, the color shift is corrected, and blur in the image can be erased. The Abbe number ( D ), which represents the degree of wavelength dispersion, was calculated according to Eq 1:
Where n 486 , n 589 , and n 656 are the refractive indexes measured at 486, 589, and 656 nm, respectively.
As a combination of two lenses, it is proposed that the first lens has a refractive index of about 1.5 and Abbe number more than 50, and the second lens has a refractive index of about 1.6 and Abbe number less than 30. The resin used the former is called a medium refractive resin with high Abbe, and the latter is called a high refractive resin with low Abbe. Our targets are the development of two types of heat-resistant photo-curable silicone resin compositions ( Figure 2 ). 
Preparation of photosensitive resin composition
Photo-radical generators and other additives were added to the silicone polymer obtained in 2.1. A mixture of compounds was stirred until dissolution to prepare a solvent-free photosensitive resin composition.
Refractive index and Abbe number
Refractive index was measured with a multi-wavelengths Abbe refractmeter (Atago, model DR-M2) equipped with a halogen illuminating lamp and interference filters at the wavelengths of 486, 589 and 656 nm.
Viscosity
Viscosity was measured by E-type viscometer (RE-80R TOKI Co.) at 23℃.
Photo curling
Exposure was performed using a NANOIMPRINTER NM-0402.(Meisyo kiko Co.)
Reflow furnace
Reflow furnace used was 810-II-5Z (Koyo thermo system Co.)
Transmittances
Transmittances were measured by UV-visible spectrophotometer (UV-1600PC Shimadzu Co.)
Results and discussion
To control the refractive index and Abbe number of the silicone resin in the target value, it is necessary to select the appropriate substituents X and Y of the monomers. Refractive index and Abbe number can be predicted from molecular structure, using a Lorentz-Lorenz equation [1, 2] . We selected X and Y on the basis of the molecular (atomic) refraction and dispersion values. Also monomers having photo-curable functional group as X and Y were selected, in order to add the photo-curable property.
Target 1. Medium refractive resin with high Abbe
We examined the monomers with various alicyclic group or acrylate group to increase the refractive index without lowering the Abbe number. And we found the X and Y having refractive index and Abbe number close to the target. On the condensation product of a combination of X and Y, the viscosity and refractive index was proportional (Figure 3 ). In case of molecular weight became higher, density also became higher, that caused higher refractive index of the polymer, we considered. To the contrary, Abbe number did not depend on the viscosity. When we adopted more severe condition of condensation, gelation occured, therefore, it has been difficult to obtain the polymer which had 1.5 or higher refractive index using the combination of X and Y.
Then we tried to make photo-curable resin compositions using the above polymers. Adding suitable photoinitiators and monomers to the polymers, we could obtain solvent-free transparent varnishes without lowering the refractive index and Abbe number. Refractive index of the photo-cured resin is as high as 1.51, about equal to the target. The refractive index variation of the polymers themself had little effect on that after exposure (Figure 4 ). Abbe number became slightly higher after exposure ( Figure 5 ).
Target 2. High refractive resin with low Abbe
Introducing a specific aromatic group or an aromatic acrylate groups in X and Y, we brought refractive index and Abbe number close to the target. As shown in Figure  6 , the refractive index and the viscosity of the silicone polymer were also proportional in this case. Abbe number was slightly decreased with increasing viscosity.
As in the case of the medium refractive resin, we made photo-curable resin compositions using above polymer, by adding suitable photoinitiators and aromatic acrylate monomers. After exposure, refractive index became substantially constant regardless of the refractive index of silicone polymers themself (Fig. 7) . However, using the silicone polymer which had lower refractive index, the curing shrinkage during the exposure increased, and this caused crack by lens distortion. Therefore, by using the silicone polymer which has higher refractive index, cured resin that has good crack resistance can be obtained. But in order to dissolve the photoinitiators and monomers without adding a solvent, viscosity of the polymer should be controlled between 100 and 200 poise. Although Abbe number became higher after exposure, it remained under 30 (Fig. 8) .
Reflow heat-resistance
We made photo-cured resin films and tried the reflow test of those films. Regarding both of the medium and Table 1 . Summary of the properties Figure 9 . Refractive index change in the reflow process Figure 10 . UV transmittance change of the medium refractive photo-cured resin composition by reflow process Figure 11 . Transmittance change of the high refractive photo-cured resin composition by reflow process Figure 10 . Transmittance change of the medium refractive photo-cured resin composition by reflow process high refractive resins, the refractive indexes did not change by reflow process (Fig. 9) , and the transparency also did not change ( Fig. 10 and 11) .
Properties of the resulting two polymers and photo-cured resin compositions were summarized in Table 1 . We obtained two photo-curable resin compositions which have the preferred refractive index, Abbe number, and the heat-resistance for reflow process. These two photo-curable resin compositions are suitable combination to design a high-resolution camera module. 
Conclusion
We developed two types of photo-curable resin compositions using silicone polymers. These resin compositions had target refractive index and Abbe number by exposure. And these photo-cured resins had high heat-resistance, which kept refractive index and transparency through reflow process. By combining these two kinds of photo-cured resin lenses, we can produce reflow mountable camera module which has high resolution.
